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In cancer therapy, several methods have been used to target
tumors, and many novel drug carriers are also used to deliver
cytotoxic drugs to a particular cell type or tissue in a site-
specific manner. It could be beneficial in cancer therapy if
cytotoxic drugs can kill tumor cells while no producing their
toxic side effects in healthy tissue. In recent years, poly-
amidoamine (PAMAM) dendrimers have been investigated as
carriers for gene delivery, magnetic resonance, the develop-
ment of vaccines, antivirals, antibacterials and anticancer
therapies.1—5) The advantage of PAMAM dendrimers as a
drug carrier is that they are highly branched macromolecules,
small in size with a low polydispersity.6)

Ideal PAMAM dendrimers used as a drug delivery system
should be non-toxic, no-immunogenic and biodegradable.
However, as observed with other cationic macromolecules,
including liposomes and polymeric micelles, PAMAM den-
drimers with positively charged surface groups are prone to
destabilize cell membranes and cause cell lysis. One way to
reduce the cytotoxicity of cationic dendrimers involves par-
tial surface derivatization with chemically inert functionali-
ties such as polyethylene glycol (PEG)7) or fatty acids. The
cytotoxicity of PAMAM dendrimers towards A549 human
lung epithelial carcinoma cells can be reduced significantly
after modification with hydroxyl groups and PEG.8,9) This
observation can be explained by the reduced overall positive
charge on these surface-modified dendrimers. PAMAM den-
drimers (G4.0) enter A549 human lung epithelial carcinoma
cells more rapidly than those modified with hydroxyl groups
and PEG. The cationic nature of the amine surface groups
may lead to interaction with negatively charged epithelial
cells and allow cell entry via fluid phase pinocytosis. The
cellular entry of OH-PAMAM and PEG-PAMAM may result
from non-specific adsorption to the cell membrane and sub-
sequent endocytosis, and the specific interactions with tumor
cells also can be prevented.

It is well documented in literature that the extracellular pH
value of tumors is lower than that of normal tissues, for ex-
ample, a pH of below 7.0 in tumors and 7.4 in normal tis-
sues.10) The use of a pH-sensitive cleavable linkage between
PEG and PAMAM dendrimers may be one feasible approach
to deliver drugs to desired tissue sites with low cytotoxicity
in normal tissue cells and a long circulation time in blood.
Xu et al.11) have synthesized one pH-sensitive PEG conju-
gated lipid via esterase-catalyzed PEGylation linkages. The
results obtained suggested that vesicles modified by PEG
with ester linkages allowed not only stabilization of the vesi-
cles and prolongation of the circulation time in blood, but
also removal of the PEG chain at suitable sites.

Sulfadimethoxine (SD) and polysulfadimethoxine
(PSD)12,13) are widely used to prepare pH-sensitive drug car-
riers. Sulfonamides and polysulfadimethoxine are weakly
acidic due to the readily ionizable hydrogen atom in the
amide bond in water. Above the pKa, SD and PSD have a
negative charge, while they are neutral below the pKa. A suit-
able degree of polymerization and pKa have been selected to
examine the response to the pH of tumor tissues.14)

Indeed, the attachment of a cell-specific ligand to PAMAM
dendrimers is reported to be a promising way to achieve a
higher drug accumulation in tumor cells.15) It has been found
that asialoglycoprotein (ASGP) receptors were widely ex-
pressed on the surface of hepatoma cells.16,17) The terminal
b-D-galactose or N-acetylgalactosamine residues can be rec-
ognized by ASGP receptors and they are widely used in drug
carriers as specifically targeting ligands.18) Many reports sug-
gest that lactose-conjugated PAMAM dendrimers may facili-
tate binding to ASGP receptors and subsequent uptake into
hepatic cells.19—23)

In the present research, lactose–poly(ethylene glycol)–
poly(methacryloyl sulfadimethoxine) diblock copolymer
(LA-PEG-b-PSD) and poly(ethylene glycol)–poly(methacry-
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loyl sulfadimethoxine) diblock copolymer (PEG-b-PSD)
were synthesized. The pH-sensitive PAMAM complexes
modified with lactose were prepared with PAMAM den-
drimers and LA-PEG-b-PSD. Schematic model for the pro-
posed drug delivery system was shown in Fig. 1. To investi-
gate drug pH sensitive release, doxorubicin (DOX) was en-
capsulated in PAMAM dendrimers. The physicochemical
properties of the complexes were studied and their ability to
target HepG2 cells was investigated by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and
confocal microscopy. Finally, the antitumor efficacy in vivo
was studied in tumor-bearing mice.

Experimental
Materials Sulfadimethoxine [4-amino-N-(2,6-dimethoxy-4-pyrimidy-

nyl)benzenesulfonamide] (SD), methacryloyl chloride, o-(2-aminoethyl)-o-
(2-carboxyethl)-polyethlene glycol3000 hydrochloride (NH2–PEG3000–
COOH), 2,2�-azobis(isobutyronitrile) (AIBN), mercaptoethylamine, N-hy-
droxysuccinimide (NHS), and N,N�-dicyclohexylcarb odiimide (DCC) were
purchased from Sigma Chemical Co., Ltd. (St. Louis, MO, U.S.A.); lacto-
bionic acid calcium salt was purchased from Fluka Chemical Co., Ltd.
(Buchs, Switzerland); PAMAM dendrimers (G4.0, with-NH2 end groups,
ethylenediamine core) were purchased from Sigma Chemical Co., Ltd. (St.
Louis, MO, U.S.A.); doxorubicin hydrochloride (DOX·HCl) was purchased
from Beijing Huafeng United Technology Co., Ltd. (Beijing, China), RPMI
1640, penicillin–streptomycin (PS, 10000 U/ml) and trypsin–ethylenedi-
aminetetraacetic acid (EDTA) (TE, 0.5% trypsin, 5.3 mM EDTA tetra-
sodium) were obtained from Gibco BRL (Gaithersberg, MD, U.S.A.); fetal
bovine serum (FBS) was purchased from Sijiqing Biologic Co., Ltd.
(Hangzhou, China). AIBN was recrystallized twice in methanol, N,N-di-
methylformamide (DMF) was purified by vacuum distillation at 75 °C at
12 mmHg, and all other chemicals were of reagent grade and used without
further purification.

Synthesis of Poly(vinyl sulfadimethoxine) (PSD) Sulfadimethoxine
methacrylamide (SDM) was synthesized as described earlier.13) Briefly, SD
(0.5 g, 1.6 mmol) was dissolved in 20 ml acetone/water (1 : 1, v/v) which
contained sodium hydroxide (0.01 N). Methacryloyl chloride (10 mmol) was
added dropwise to SD solution at 0°C with vigorous stirring. After filtration,
the SDM precipitate was washed three times with distilled water. A white
powder was collected after drying in vacuum at room temperature for 48 h,
yielding 85%. The IR spectrum of SDM showed one sharp absorption peak
at 3386 cm�1, instead of the primary and secondary amine at 3450 cm�1,
3348 cm�1 and 3229 cm�1 of SD, which confirmed the disappearance of the
primary amine. The carbonyl amide absorption peak appeared at 1676 cm�1.
The peaks of four protons in the 1H-NMR spectrum of the benzene ring of

SDM shifted to 7.8 ppm (dd, 7.5, 6.5 ppm in SD).
The semitelechelic polymer was synthesized by free radical solution poly-

merization. SDM (0.5 g, 1.27 mmol), AIBN (initiator, 0.2 mol% of the
monomer, 0.42 mg, and 0.0025 mmol) and mercaptoethylamine (a chain
transfer agent, 1.96 mg, and 0.025 mmol) were dissolved in DMF (10 ml)
which had been degassed to remove of oxygen by bubbling with N2 gas for
12 h. The mixture was degassed by the freeze-thaw cycle method and sealed
under reduced pressure. After a polymerization reaction in an oil bath at
70 °C for 20 h, the solution was poured into deionized water to precipitate
the product. The polymer was collected by filtration, and washed with a 10-
folds volume of methanol at room temperature for 24 h to remove the resid-
ual SDM. The final product (PSD) was collected by filtration and then dried
in vacuum at room temperature. The polymer yield was 70%. In the 1H-
NMR spectrum of PSD, the methylene (–H2C�C–) peak of SDM disap-
peared after polymerization and the benzene peak was shifted down-fieid to
7.9—8.0 ppm (d 7.8 ppm in SDM). 1H-NMR: d 11.6 ppm (–SONH–), d
9.6 ppm (–CONH–), d 7.9—8.0 ppm (phenylene-H), d 6.9 ppm (pyrim-
idinyl-H), d 3.6 ppm (pyrimidinyl –N�C–OCH3). The molecular weight was
3 kDa (polydispersity index (PDI)�1.15) determined by GPC (Waters 1515,
Waters, U.S.A.).

Synthesis of Lactose–Poly(ethylene glycol)–Poly(vinyl sulfadimethox-
ine) Diblock Copolymer (LA-PEG-b-PSD) A solution of lactobionic
acid calcium salt was passed through a cation-exchange resin column
(Dowex 50WX8) to convert it to free lactobionic acid. The eluted free acid
(pH value �3) was collected and lyophilized to give a powder. Lactobionic
acid (43 mg, 0.12 mmol), S-NHS (27.6 mg, 0.24 mmol) and 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide (EDC) (46 mg, 0.24 mmol) were dis-
solved in 20 ml distilled water with stirring for 10 h at room temperature,
then NH2–PEG3000–COOH (300 mg, 0.1 mmol) was added with stirring for
12 h. The mixture was then dialysized (moleculor weight cutoff (MWCO):
1 kDa) against water for 48 h and the product (COOH–PEG3000-LA) was
dried in vacuum at room temperature. The IR spectrum showed absorption
peaks at 1646 cm�1 (amide, nC�O) and 1613 cm�1 (amide, b-NH), which
indicated the appearance of a secondary amide. 1H-NMR spectrum
(DMSO): d 10.7 (H, –COOH), d 5.20 ppm (H, –CONH–), d 4.0—4.3 ppm
(–H, lactobionic residue), and d 3.4—3.6 ppm (H, (–CH2–CH2–O)n).

LA-PEG–COOH was activated in 10 ml dimethyl sulfoxide (DMSO) by
S-NHS (PEG : NHS : DCC�1 : 2 : 2, m/m) for 10h, then PSD (PEG : PSD�1
: 1.5, m/m) was added to the mixture followed by stirring overnight at room
temperature. The product (LA-PEG-PSD) was purified by dialyzing
(MWCO: 5.0 kDa) for 48 h. The polymer yield was 75%. The chemical
structure was confirmed by the 1H-NMR spectrum: d 10.83 ppm (1H, s,
–SO2NH-pyrimidinyl), d 8.14—8.27 ppm (4H, dd, phenylene-H), and d
3.83—3.76 ppm (6H, m, pyrimidinyl –N�C–OCH3), d 3.4—3.6 ppm (H,
(–CH2–CH2–O)n), and d 3.8—4.1 ppm (–H, lactobionic residue). 13C-NMR
(DMSO): (d 172.402 ppm, c), (d 171.983 ppm, h), (d 167.566 ppm, m), (d
164.722 ppm, e), (d 160.879 ppm, k), (d 157.43 ppm, l), (d 128.1 ppm, j), (d
119.762 ppm, i), (d 106 ppm, a) (d 85.094 ppm, b), (d 69 ppm, d), (d
53.866 ppm, n), (d 40.078 ppm, f), (d 24.48 ppm, g). The mean molecular
weight was 6.0 kDa (PDI�1.49) determined by GPC. Synthesis schemes of
LA-PEG-b-PSD were shown in Fig. 2. PEG-b-PSD was synthesized by the
same method with PEG–COOH and PSD.

Synthesis of PEGlyated PAMAM (PEG-PAMAM) The PEGlyated
PAMAM was obtained after activation of the end functional groups of
mPEG-3000. PAMAM G4.0 was dissolved in borate buffer (pH 9.8) and
stirred vigorously with PEG-NHS (molecular weight (Mw): 3000) (PAMAM
G4.0 : PEG-NHS�1 : 13, m/m) overnight at room temperature in the dark.
The final product was dialyzed to remove byproducts (MWCO: 5.0 kDa),
and the dialyzed product was then concentrated and lyophilized. The major
change of mPEG–COOH in IR spectrum was carbonyl resonating symmet-
ric and anti-symmetric peaks on linking via the amide at the dendrimeric
ends. An important IR peak near 1112 cm�1 of the ether linkage C–O was
clearly present in the spectrum of the PEGylated dendrimers 4.0G. 1H-
NMR: d 2.2—3.0 ppm (–CH2–, PAMAM), d 3.22 ppm (–OCH3–, PEG), d
3.45—3.80 ppm (–CH2O–, mPEG).

The pKa Determination of LA-PEG-b-PSD The pKa values of SD,
PSD, PEG-b-PSD and LA-PEG-b-PSD were measured by potentiometric
titration (auto potentiometric titrimeter ZDJ-4A1.0, Shanghai Leici Co.,
Ltd., Shanghai, China). LA-PEG-b-PSD (SD, PSD and PEG-b-PSD) was
dissolved in 0.01 N standard NaOH solution, and the volumetric solution was
0.01 N HCl. The electric potential of the solution after each HCl addition was
measured. All the measurements were performed at 25 °C.

Loading DOX into PAMAM Dendrimers The HCl salt in DOX·HCl
was removed by triethylamine. Briefly, DOX·HCl was dissolved in 30 ml
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Fig. 1. Schematic Model for the Proposed Drug Delivery System: The
Carrier System Consists of Two Components, a PAMAM and a pH-Sensitive
Diblock Polymer LA-PEG-b-PSD

(A) At normal blood pH, the sulfonamide is negatively charged, and when mixed
PAMAM, shields PAMAM by electrostatic interaction; (B) when the system experi-
ences a decrease in pH (at tumor site) sulfonamide loses charge and detaches, thus ex-
posing PAMAM for interaction with tumor cells.



methanol/acetone (1 : 1, v/v), and then triethylammonium acetate (TEA)
(3.0-fold excess of DOX·HCl) was added with stirring in the dark for 24 h.
After filtration, the solvent was removed by rotary evaporation in a vacuum.
The DOX precipitate was washed three times with distilled water to remove
residual DOX·HCl and TEA. After filtering, DOX was dried in a vacuum at
room temprature for 48 h.

DOX and PAMAM dendrimers (PEG-PAMAM dendrimers) were dis-
solved in 30 ml methanol with in a molar ratio of 3 : 1. The mixture was
stirred in the dark at room temperature for 24 h, and then methanol was re-
moved completely by rotary evaporation in a vacuum. Then, 10 ml phos-
phate buffer (pH 7.4) was added with stirring for 24 h to dissolve the
PAMAM dendrimers. After filtration, the free doxorubicin was separated
from DOX/PAMAM dendrimers with a Sephadex G50 column before LA-
PEG-PSD/DOX/PAMAM complexes were prepared. the DOX incorporation
efficiency (%) was calculated by the formula: the drug entrapment efficiency
(%)�the amount of DOX in PAMAM dendrimers/(the amount of free
DOX�the amount of DOX in PAMAM dendrimers).

Preparation of LA-PEG-b-PSD/PAMAM Complexes LA-PEG-b-
PSD/PAMAM complexes were prepared with PAMAM dendrimers and LA-
PEG-b-PSD. In a typical procedure, LA-PEG-b-PSD or PEG-b-PSD was
dissolved in Na2HPO4 (10 mM, 13.95 ml) and added to a solution of
PAMAM in NaH2PO4 (10 mM, 6.05 ml) to give a solution of PAMAM com-
plexes. The ratio of the positive to negative charge was fixed at 1 : 1. After
mixing the two solutions, the pH of the solution was 7.4 (10 mM phosphate
buffered saline (PBS)).

The Effect of pH on the LA-PEG-b-PSD/PAMAM Complexes The
effect of different pH values on the changes in particle size was investigated
by dynamic laser light scattering. The LA-PEG-b-PSD/PAMAM complexes
were prepared in phosphate buffer at pH 8.0. The pH value was reduced
from 8.0 to 6.0 by adding 0.01 N HCl followed by incubation for 4 h. The
particle sizes at different pH values were measured with a Nicomp 380ZLS
particle sizer.

In Vitro Release of Doxorubicin from PAMAM Complexes In vitro
release studies were performed using the dialysis bag method. The dialysis
bag (molecular weight cut off 8000—14000) was soaked in distilled water
for 12 h before use. PAMAM dendrimers, PEG-PAMAM dendrimers, PEG-
b-PSD/PAMAM complexes and LA-PEG-b-PSD/PAMAM complexes were
prepared with a DOX concentration of 0.4 mg/ml. Then, 3 ml of the LA-
PEG-b-PSD/PAMAM complexes or other samples was placed in the dialysis
bag and the receptor compartment was filled with 100 ml phosphate buffer

(pH 6.5 or pH 7.4) at 37 °C with gentle agitation (25 rpm). Then, 1.0 ml of
the dissolution medium was withdrawn from the receptor compartment at in-
tervals of 1, 2, 3, 4, 5, 7, 10, 12, 24, 48 h and replace with the same volume
of fresh dialysis medium. Three milliliters DOX solution (40 mg/ml) was
also placed in the dialysis bag to estimate the influence of DOX permeation
through the dialysis bag, the receptor compartment was 50 ml, 0.5 ml of the
medium was withdrawn at 0.5, 1, 1.5 ,2, 2.5, 3, 3.5, 4 h. The DOX content of
samples was analyzed by HPLC. The drug release study of PAMAM com-
plexes in blood was performed by adding 2 ml 100% plasma and 1 ml
PAMAM complexes to the dialysis bag. The release medium was 100 ml
phosphate buffer (pH 7.4), the release medium of DOX solution group was
30 ml phosphate buffer (pH 7.4). All analyses were performed in triplicate to
allow statistical analysis.

Cell Culture Human hepatic carcinoma (HepG2) cells were used for
cell uptake and cytotoxicity studies. Cells were grown in RPMI-1640
medium with 1% penicillin–streptomycin and 10% fetal bovine serum in a
humidified incubator at 37 °C and 5% CO2. The cells were subcultured every
48 h and harvested from subconfluent cultures (60—70%) using 0.25%
trypsin.

Anticancer Activity in Vitro The cytotoxicity of LA-PEG-b-
PSD/PAMAM complexes, PAMAM dendrimers, and PEG-b-PSD/PAMAM
complexes was investigated against Human hepatic carcinoma (HepG2) cells
by MTT assay. The cells (5�107 cells/ml) grown as a monolayer were har-
vested using 0.25% (w/v) trypsin and seeded in 96-well plates at a density of
7000 cells per well and incubated for 24 h. Then, 300 m l RPMI-1640
medium containing the test samples was added. The PAMAM concentration
was 1.0, 5.0, 10.0, 50.0, 100.0, 200 mg/ml, respectively. After 48 h incuba-
tion, the cells were washed with PBS, followed by the addition of 20 m l
MTT (2 mg/ml), and the cells were then incubated for another 4 h. After in-
cubation, 200 m l DMSO was added to dissolve the crystals. The plates were
read immediately on a plate reader at a test wavelength of 570 nm.

The cytotoxicity of LA-PEG-b-PSD/PAMAM/DOX complexes, PAMAM/
DOX, and PEG-b-PSD/PAMAM/DOX complexes was also investigated
against Human hepatic carcinoma (HepG2) cells by MTT assay. One hour
before the addition of PAMAM complexes, 300 m l RPMI-1640 medium at
pH 6.5 or 7.4 was added. Then, 20 m l of PAMAM complexes was added and
incubated for 6 h, 24 h and 48 h. The DOX concentration was 10.0 mg/ml,
and the PAMAM concentration was 100 mg/ml. After incubation, 20 m l MTT
(2 mg/ml) was added and cells were incubated for another 4 h. Then, 200 m l
DMSO was added to dissolve the crystals and the plates were read immedi-
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Fig. 2. Synthesis Schemes of LA-PEG-b-PSD



ately on a plate reader at a test wavelength of 570 nm.
Confocal Microscopy PAMAM dendrimers were labeled with fluores-

cein iso thyocyanate (FITC) before use. FITC (10 mg) was dissolved in
0.5 ml acetone, and then this acetone solution was added to the PAMAM so-
lution (8 mg/ml, pH 8.0). The molar ratio of FITC to –NH2 on the surface of
PAMAM dendrimers was 1 : 10. The reaction mixture was stirred for 24 h at
room temperature and dialyzed to remove free FITC. All steps were per-
formed in the absence of light. HepG2 cells were seeded at a density of
2�105 cells/well on the surface of a cover slide in 6-well plates. Two types
of experiment were performed: Type 1) internalization of PEG-b-
PSD/PAMAM complexes into HepG2 cells at pH 6.5 or pH 7.4. Cells were
incubated with PAMAM complexes (the concentration of PAMAM den-
drimers was 50 mg/ml) for 30 min at pH 6.5 or pH 7.4, and washed with
PBS. The cells were observed by confocal laser scanning microscopy
(Olympus FV1000-IX81, Tokyo, Japan). Type 2) internalization of LA-
PEG-b-PSD/PAMAM/DOX complexes and PEG-b-PSD/PAMAM/DOX
complexes into HepG2 cells at pH 7.4. Cells were incubated with PAMAM
complexes with a DOX concentration of 5 mg/ml for 4 h at pH 7.4 and
washed with PBS, then mounted on a cover slip. The cells were observed by
confocal laser scanning microscopy.

In Vivo Therapeutic Studies Sixty tumor-bearing mice (25—27 g)
were prepared by inoculating a suspension of H22 cells (200 m l, 5�107)  sub-
cutaneously (s.c.) into each axillary fossa of KM mice. When the tumor di-
ameters had reached 0.5 cm, the mice were divided into six groups each of
ten mice. The groups were treated with physiological saline, DOX·HCL so-
lution, PAMAM/DOX; PAMAM-PEG/DOX, PEG-b-PSD/PAMAM/DOX
complexes and LA-PEG-b-PSD/PAMAM/DOX complexes respectively, 5
times at intervals of 1 d. Treatments were given intravenously (i.v.) at a dose
of 2 mg DOX/kg mouse weight. On the 12th day after treatment, the mice
were sacrificed and the local tumors were removed carefully. The net
weights of the tumors were measured.

Statistical Analysis All the experiments were repeated at least three
times. Statistical comparisons were performed with SPSS 12.0 software.
Data are presented as mean values with the standard deviation (mean�S.D.),
and p	0.05 was considered to be indicative of statistical significance.

Results and Discussion
pKa of LA-PEG-b-PSD The apparent pKa values of SD,

PSD, PEG-b-PSD and LA-PEG-b-PSD were investigated by
potentiometric titration. As shown in Fig. 3, the pKa of SD
was 6.2, and the subacidity of the sulfonamide group was
due to the ionization of the N–H bond, the electrons of which
were removed by the oxygen atoms of the sulfonyl group
from the sulfur atom. It has been confirmed that the pKa of
ionizable groups usually shifts towards a higher pH value
after polymerization.13,14) In this study, the pKa of PSD, PEG-
b-PSD and LA-PEG-b-PSD was about 6.97, 7.04 and 6.95,
respectively, which is close to the acidic conditions at the

tumor sites.
Characterization of LA-PEG-b-PSD/PAMAM Com-

plexes The LA-PEG-b-PSD/PAMAM complexes were pre-
pared with LA-PEG-b-PSD carrying a negative charge and
PAMAM dendrimers carrying a positive charge. An almost
94% incorporation of DOX into the PAMAM dendrimer was
achieved at a DOX to PAMAM molar ratio of 3 : 1. As the
charge ratio of positive charge to negative charge decreased,
the z potential gradually also decreased (data not shown).
The z potential was around 0 mV at a charge ratio of 1 : 1,
which indicated that all the positive charge of PAMAM was
interact with the negative charge of the LA-PEG-b-PSD. In
general, less particle aggregation occurred at high zeta po-
tential due to electric repulsion.24) The sterically repulsive
character of the PEG layer prevented the complexes from un-
dergoing secondary aggregation, and their high dispersivity
remained high in aqueous medium.

The size of the PAMAM (G4.0) dendrimers was about
4 nm.25) In this study, the particle size was measured by dy-
namic light scattering. As the charge ratio (�/�) increased
from 1 : 1 to 5 : 1, the particle size of the PAMAM complexes
decreased. The average particle size was 54 nm (1 : 1, �/�)
and 50 nm (2 : 1, �/�), respectively. When the charge ratio
was higher than 3 : 1, the size was less than 20 nm. Accord-
ing to particle size and z potential, the complexes were pre-
pared at charge ratio (1 : 1, �/�). The enhanced permeability
and retention (EPR) effect in tumors is important for the de-
livery of nanocarriers from blood vessels to tumors, and this
is affected by the particles size. In this study, at a charge ratio
(�/�) of 1 : 1, the particle size (54 nm) of LA-PEG-b-
PSD/PAMAM complexes was suitable for penetration of
blood vessel with EPR effect.

The morphology of LA-PEG-b-PSD/PAMAM complexes
at charge ratio (1 : 1, �/�) was observed using transmission
electron microscope (TEM) (Fig. 4). LA-PEG-b-PSD/
PAMAM complexes existed in the form of spherical particles
of about 50 nm which was consistent with the result of dy-
namic light scattering.

The Effect of pH on LA-PEG-b-PSD/PAMAM Com-
plexes The effect of different pH values on the changes in
particle size was investigated to test the shielding/deshieding
of the pH-sensitive polymer. As shown in Fig. 5, no signifi-
cant difference in the average particle size was found be-
tween pH 8.0 and 7.0 (above 50 nm). When the pH was less
than 7.0, the particle size fell slightly. At pH 6.8, the particle
size of LA-PEG-b-PSD/PAMAM complexes was 34 nm, and
this might be due to the incomplete complexation of LA-
PEG-b-PSD and PAMAM. From pH 6.6 to 6.0, there was no
significant difference in the average particle size (less than
10 nm).

The Influence of pH on Drug Release To evaluate a
pH-sensitive drug carrier, the drug release in vitro is an im-
portant parameter. As shown in Figs. 6 and 7, the drug re-
lease of PAMAM dendrimers, PEG-PAMAM dendrimers and
PAMAM complexes was studied in PBS at pH 7.4 and pH
6.5. The cumulative release of DOX from LA-PEG-b-
PSD/PAMAM complexes and PEG-b-PSD/PAMAM com-
plexes at 48 h (pH 7.4) was about 40%. However, the release
rate of DOX from PAMAM dendrimers was faster, being
over 80% at 48 h. These results indicated that the complexes
could reduce the drug release rate at a physiological pH
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Fig. 3. pKa of SD Monomer and Polymerized Derivatives



value. And these should be contribute to 1) more sealing of
dendrimeric structure by PEG at the peripheral portions of
dendrimers as coat, which prevented drug release by enhanc-
ing complexation probably by steric effect; 2) reducing the
amount of positve charge on the surface of PAMAM den-
drimers by modified with PEG or PEG-PSD, which can in-
crease the hydrophobic of PAMAM dendrimers. Compared
with the PEG-PAMAM with a covalent linkage, the PEG on
the complexes had a similar shielding effect. The drug re-
lease at pH 6.5 (Fig. 7) was different, with the cumulative re-
lease of DOX from PAMAM complexes and PAMAM den-
drimers being over 70% in every case, and higher than that of
PEG-PAMAM dendrimers. The electrostatic force between
LA-PEG-b-PSD (PEG-b-PSD) and PAMAM dendrimers was
abolished at pH 6.5 and the complexes disintegrated into free
PAMAM dendrimers. Also this could be confirmed by the re-
sults shown in Fig. 5. The same release behavior of the LA-
PEG-b-PSD/PAMAM complexes and PEG-b-PSD/PAMAM
complexes at pH 6.5 and pH 7.4 showed that the shielding ef-
fect of PEG was not affected by the lactose residue conju-
gated to the end of PEG-b-PSD. The cumulative release of
DOX solution was nearly 98% within 4 h in both buffers, it
indicated that the release of DOX could not be affected by
dialysis bag.

Full generation of PAMAM dendrimers had primary
amine end groups (–NH2) on the surface and tertiary amine
groups (NH–) at the branching points in the core, having pKa

values of 9—10 (pKa1) and 2—4 (pKa2).
26—28) At pH 7.4 and

pH 6.5, the hydrophobic interactions between PAMAM and
DOX were favorable. The DOX was encapsulated in
PAMAM by a hydrophobic interaction, and the drug release
behavior depended on hydrophobic diffusion, so the release
behavior of PAMAM/DOX at pH 7.4 and 6.5 showed a simi-
lar trend. An earlier experiment demonstrated the drug re-
lease behavior of PAMAM dendrimer–drug conjugates with
different linkers.29) Their results confirmed that the amide
bonds are too stable for hydrolysis, and the drug release was
quite slow up to pH 1.2.

DOX Release from LA-PEG-b-PSD/PAMAM Com-
plexes in Plasma Plasma contains many types of ions and
plasma protein, which can interact with PAMAM complexes
and reduced the electrostatic interaction between PAMAM
and the diblock copolymer. Drug release in plasma was nec-
essary to investigate the stability of PAMAM complexes in
vivo. In this study, rat plasma was used. The cumulative re-
lease of DOX from the LA-PEG-b-PSD/PAMAM complexes
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Fig. 4. TEM of the LA-PSD-b-PEG/PAMAM Complexes Micelles
(�100000), Bar: 100 nm

Fig. 5. Particle Sizes of LA-PEG-b-PSD/PAMAM Complexes at Different
pH Values (n�3)

Fig. 6. The Release of Doxorubicin from PAMAM Complexes in PBS
(pH 7.4) (n�3)

Fig. 7. The Release of Doxorubicin from PAMAM Complexes in PBS
(pH 6.5) (n�3)



and PEG-b-PSD/PAMAM complexes was higher than that of
PAMAM-PEG (Fig. 8). This indicated that PAMAM com-
plexes were resistant in plasma. However, the complexes
were not as stable as PAMAM-PEG in plasma, perhaps be-
cause the electrostatic interaction between PAMAM and
PEG-b-PSD could be destroyed to some degree by plasma
proteins and ions. Compared with PAMAM, the release of
DOX from the PEG-PAMAM, LA-PEG-b-PSD/PAMAM
complexes and PEG-b-PSD/PAMAM complexes was slower.

Although particle carriers modified by non-cleavable PEG
were stable and potentially had a long circulation time in
vivo, they could not release their content at the desired site
faster and could not be taken up by cells quickly due to the
non-removable PEG-coatings. Compared with the PAMAM-
PEG, the LA-PEG-b-PSD/PAMAM (PEG-b-PSD/PAMAM)
complexes had a cleavable PEG barrier at a site in vivo. The
complexes could disintegrate at the target region. Further-
more, the PAMAM could be taken up easily by the tumor
cells and release the drug rapidly.

The Anticancer Activity of LA-PSD-b-PEG/PAMAM
Complexes in Vitro As shown in Table 1, the cytotoxicity
of all blank formulations against HepG2 cell was essentially
negligible at PAMAM concentrtion of 100 mg/ml.

It is well known that efficient liver targeting can be
achieved by the action of lactose.30—32) In this study, MTT
assay was used to investigate the cytotoxicity against HepG2
cells, which expressed asialoglycoprotein receptors, and the
targeting ability of the LA-PEG-b-PSD/PAMAM complexes
against HepG2 cells was also studied. Cells were incubated
with PAMAM or PAMAM complexes for 6 h, 24 h and 48 h
at difference pH values.

The growth-inhibiting activity of all the formulations at

pH 7.4 was shown in Fig. 9A, and that at pH 6.5 was shown
in Fig. 9B. After a 6 h incubation, the growth inhibition ratio
of PAMAM/DOX at pH 7.4 (14.49�4.3%) was higher than
that of the PEG-b-PSD/PAMAM/DOX complexes (7.56�
2.09%) and the LA-PEG-b-PSD/PAMAM/DOX complexes
(8.74�3.12%) (Fig. 9A) (p	0.05). This should contribute to
the cationic nature of the dendrimers, which interact with the
negative charge on the cell surface. Besides tumor cells, this
interaction could occur on the surface of the cells of other
tissues. Compared with PAMAM/DOX, the affinity of the
PEG-b-PSD/PAMAM/DOX complexes and the LA-PEG-b-
PSD/AM/DOX complexes for normal tissues was smaller.
The internalization of the two PAMAM complexes was re-
stricted by the PEG shell. The growth inhibiting activity of
LA-PEG-b-PSD/PAMAM/DOX complexes was 67.76�
4.69% at 24 h and 89.02�10.27% at 48 h, which was much
higher than that of the PEG-b-PSD/PAMAM/DOX com-
plexes (42.65�6.58% at 24 h, 65.34�9.23% at 48 h) and
PAMAM/DOX (52.67�8.21% at 24 h, 69.93�8.98% at 48
h). These results suggested that the attachment of lactose
moieties increased the internalization of LA-PEG-b-PSD/
PAMAM/DOX complexes through the receptor-mediated en-
docytosis mechanism, and this played a major role in 24 h
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Table 1. Viability of HepG2 Cells in the Presence of Blank PAMAM,
PEG-b-PSD/PAMAM Complexes, and LA-PEG-b-PSD/PAMAM Com-
plexes in the Medium (n�6)

Concentration
% cells viability LA-PEG-b-PSD/

PAMAM PEG-b-PSD/ PAMAM(mg/ml)
PAMAM complexes complexes

1 99.23�1.2 101.2�1.5 99.2�3.8
5 98.7�2.9 99.1�2.4 99.3�2.6

10 97.8�2.0 98.7�3.6 99.9�2.2
50 97.4�3.8 97.4�2.7 97.3�3.9

100 95.5�3.6 96.2�4.2 96.1�2.8
200 94.77�4.2 96.05�3.7 96.89�2.1

Fig. 8. The Release of Doxorubicin from PAMAM Complexes in Plasma
(n�3)

Fig. 9(A). The Cell Cytotoxicity of PAMAM/DOX, PEG-b-PSD/
PAMAM/DOX Complexes and LA-PEG-b-PSD/PAMAM/DOX Complexes
on HepG2 Cells, the Cells Were Incubated at pH 7.4 for 6 h, 24 h, and 48 h,
Respectively (n�6)

∗ p�0.1, ∗∗ p�0.05.

(B). The Cell Cytotoxicity of PAMAM/DOX, PEG-b-PSD/PAMAM/DOX
Complexes and LA-PEG-b-PSD/PAMAM/DOX Complexes on HepG2
Cells, the Cells Were Incubated at pH 6.5 for 6 h, 24 h, and 48 h, Respec-
tively (n�6)

(a)

(b)



and 48 h incubation.
At pH 6.5, the inhibition ratio of the two complexes was a

little lower than PAMAM/DOX at 6 h (Fig. 9B). However, no
significant difference in anticancer activity was found in all
the formations at 24 h and 48 h. These results were consistent
with the drug release in vitro at pH 6.5. At pH 6.5, the at-
tachment of PEG and lactose moieties was abolished and this
was supported by the results in Fig. 5.

As the results shown in Figs. 9A and 9B, involvement of
pH-sensitive moieties and the receptor-mediated pathway
markedly enhance the cellular targeting ability.

Confocal Microscopy. Internalization of PEG-b-PSD/
PAMAM Complexes at Different pH Values Confocal
laser scanning microscopy was used to investigate the inter-
nalization of PAMAM complexes, and the internalization of
PAMAM complexes was tested at pH 6.5 and pH 7.4. The re-
sults (Figs. 10A, B) were consistent with those of the MTT
assay. After a 30 min incubation at pH 6.5, PEG-b-PSD/
PAMAM complexes were taken up by the cells (Fig. 10A),
which indicated that the linkage between PEG and PAMAM
was cleaved at pH 6.5. However, the micrographs in Fig. 10B
showed different results. Very little of the PEG-b-PSD/
PAMAM complexes was taken up by the cells. PEG-b-PSD/
PAMAM complexes were stable at pH 7.4 and the PEG chain
could prevented the effective uptake by cells. Those results
were also confirmed by the cytotoxicity study. Others33) have
reported similar results showing that TAT micelles conju-
gated with PEG–poly(methacryloyl sulfadimethoxine) were
shielded at normal pH, but deshielded at the pH value of the

tumor sites.
Nanoparticle drug carriers are usually not very stable in

plasma, resulting in a failure to deliver their contents to their
targeted sites. Some studies are reported on modifying nano-
particle drug carriers with PEG to prolong their circulation
time in blood. In this study, we wanted the PEG shell to be
removed at the tumor site, and not prevent cells endocyto-
sis.34—36)

Cationic dendrimers exhibited strong electrostatic interac-
tions with cells, and rapidly became endocytosed. Endocyto-
sis37) was classified into phagocytosis and pinocytosis.
Phagocytosis was involved the uptake of large particles and
is one of the main mechanisms by which particles are taken
up by white blood cells. Pinocytosis was a constitutive cell
uptake mechanism in most cells. The cationic dendrimers
might be taken up into the cells by adsorptive endocytosis
through interaction with the negatively charged proteogly-
cans in the cell membrane.38,39) However, the neutral den-
drimers were presumably endocytosed by non-specific inter-
actions such as hydrophobic and hydrogen bond inter-
actions.40) As shown by the results in Fig. 5, PEG-b-PSD/
PAMAM complexes were stable above pH 7.0. The cell up-
take of PEG-b-PSD/PAMAM complexes followed the mech-
anisms of neutral dendrimers. The pH value of cytoplasm
and lysosomes is around 6.5 and 5.0. All the PEG-b-PSD/
PAMAM complexes would disintegrate completely in lyso-
somes after being taken up by tumor cells. Compared with
PEG-PAMAM, free PAMAM could destroy the lysosomes
more efficiently by the proton pump effect, and release drug
faster in the cytoplasm with producing a higher antitumor ef-
fect.

Internalization of PEG-b-PSD/PAMAM and LA-PEG-
b-PSD/PAMAM Complexes In our study, the pH value of
RPMI-1640 medium was 7.4. Figure 11 showed the internal-
ization of PEG-b-PSD/PAMAM/DOX complexes and LA-
PEG-b-PSD/PAMAM/DOX complexes in HepG2 cells. The
red stain was DOX fluorescence, and the green stain was the
FITC fluorescence in PAMAM. The yellow color on the cells
clearly indicates co-localization of green and red. After a 4 h
incubation, the cells treated with the LA-PEG-b-PSD/
PAMAM/DOX complexes showed a clearly higher fluores-
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Fig. 10. Confocal Micrographs of HepG2 Cells Incubated for 30 min with
PEG-b-PSD/PAMAM Complexes at (A) pH 6.5 and (B) pH 7.4

Fig. 11. Dual Label Confocal Micrographs of HepG2 Cells Incubated
with (A) PEG-b-PSD/PAMAM/DOX Complexes, (B) LA-PEG-b-PSD/
PAMAM/DOX Complexes

Cells stained with green with FITC attached to PAMAM, red was DOX, and yellow
was the superimposed image of the two micrographs.



cence intensity than PEG-b-PSD/PAMAM/DOX complexes,
which could be used for qualitatively assessing the degree of
PAMAM and DOX taken by the cells. The results of this mi-
croscopic cellular uptake study showed that significant tar-
geting ability of PAMAM complexes was obtained by conju-
gation of lactose with PAMAM.

As shown in Fig. 11A, some cells was stained red only,
and this should contribute to the DOX release from the
PAMAM in the extracellular domain, allowing uptake by the
cells. The results of the drug release study in vitro showed
that in a short period of time (4 h), the cumulative release of
DOX from PAMAM complexes was about 20% at pH 7.4.
Figure 11B shows the micrographs of the clearly intense yel-
low fluorescence in all cells, since large amount of DOX en-
tered the cell with the PAMAM via receptor-mediated endo-
cytosis. It is worth noting that HepG2 cells have a relatively
large amount of ASGP receptors (150000 binding sites/cell)
on their surface that bind and internalize lactose-terminal
(asialo-) glycoproteins.41) The anti-tumor effect was consis-
tent with the interaction between the lactose moieties of
PAMAM complexes and ASGP receptors on HepG2 cells.

In Vivo Therapeutic Studies H22 is a hepatocarcinoma
of the mouse and can be used to construct the hepatocyte
tumor animal model to evaluate the hepatocyte-targeted de-
livery mediated by galactose in vivo.42)

Using H22 tumor-bearing mice, the anti-tumor efficacy of
DOX in different formulations was evaluated. The treatment
with LA-PEG-b-PSD/PAMAM/DOX complexes inhibited
primary tumor growth compared with other control formula-
tions, as shown in Table 2. All of the treatment groups pro-
duced a significant anti-tumor effect compared with the phys-
iological saline control group (p�0.05), and the relative
tumor inhibition produced by the LA-PEG-b-PSD/PAMAM/
DOX complex group was 80.87%, demonstrating the efficacy
of lactose conjugation. In addition, the PEG-b-PSD/PAMAM/
DOX complex group also produced enhanced tumor regres-
sion compared with the PAMAM/DOX group (p�0.05), and
the PEG-PAMAM/DOX group (p�0.05), which might be due
to the PEG chain becoming detached from the complexes at
the tumor site. In both the in vitro and in vivo experiments,
LA-PEG-b-PSD/PAMAM/DOX complexes exhibited better
antitumor activity than non-lactose PEG-b-PSD/PAMAM/
DOX complexes and PEG-PAMAM/DOX. We believe that
this drug delivery system may lead to the development of
more effective and less toxic liver cancer treatments.

Conclusion
In this study, we synthesized a pH-sensitive LA-PSD-b-

PEG diblock copolymer. pH-sensitive complexes were pre-
pared with PAMAM (G4.0) and LA-PEG-b-PSD by electro-
static interaction. The LA-PEG-b-PSD/PAMAM complexes
can distinguish between a small difference in pH values and
exhibit selective targeting and cytotoxicity against HepG2
cells in vitro. Finally, the potential to kill tumors in vivo was
examined in H22 tumor-bearing mice. We believe this strat-
egy should be generally applicable to the treatment of liver
cancers.
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